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Abstract: An experiment to measure the backscattering from a partially water-filled 
cylindrical shell of mild steel using a parametric array has been performed at the National 
Physical Laboratory (NPL) facility on Wraysbury reservoir.  The purpose of the experiment 
was to obtain information on the frequency responses of the target for different angles of 
incidence, over a wide frequency range, for comparison with theoretical and numerical 
predictions.  A parametric array system developed by Loughborough University was used for 
the experiment.  The transmitting transducer was a square planar array with a centre 
frequency of 75 kHz; a number of secondary waveforms were generated, including tone 
bursts, Ricker pulses and frequency chirps. The target used in the experiment was 1.4 m long 
with hemispherical ends, and had a radius of 0.28 m and a wall thickness of 4 mm. Overall 
the response was measured at secondary frequencies from 2 to 24 kHz and primary 
frequencies from 63 to 87 kHz.  Some measured results in terms of the time and frequency 
responses as a function of angle of incidence are presented here.  
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1. INTRODUCTION 
A parametric array can be used to provide signals over a very wide bandwidth for 
measuring the scattering characteristics of an object.  The primaries can be used to investigate 
the response at higher frequencies while the secondary, lower frequency, signals have the 
potential to penetrate into the object. The narrowness of the beam generated by a parametric 
 array also makes it possible to illuminate only a part of a finite object so the response 
resembles that of an infinite object.  
An experiment to measure the backscattering from a cylindrical shell using a parametric 
array has been performed at the National Physical Laboratory (NPL) facility on Wraysbury 
reservoir.  The purpose of the experiment was to obtain information on the frequency 
responses of the target for different angles of incidence, over a wide frequency range, for 
comparison with theoretical predictions.  The shell was partially water-filled.  A parametric 
array was used to generate signals over both the primary and secondary frequency ranges to 
provide more information on the scattering of the shell. 
The performance of the parametric array system was assessed and comparisons are made 
between the measured results and numerical simulations. Some measured results in terms of 
the time and frequency responses of the target as a function of incident angle are presented 
here. 
2. EXPERIMENTAL SETUP 
The NPL facility provided a stable platform.  The sonar and target were deployed from a 
pair of positioning stations on the platform with the distance between the sonar and target 
being varied up to 14 m.  The water depth was 19.2 m at the time of the trial.  The maximum 
depth available from the positioning stations was 7 m; a tilt mount was constructed for the 
sonar so that it could point at the target in the middle of the water column, for free field 
measurements, or downwards at an angle, for a target on the bottom. A mild steel tank was 
used as the target; this was 1.4 m long with hemispherical ends, and had a radius of 0.28 m 
and a wall thickness of 4 mm (see Fig. 1).  The backscattering from the tank when partially 
filled with water was measured.  The target was suspended from a rotation mechanism so that 
the response as a function of angle of incidence could be measured under free field conditions 
or with the target sitting on the reservoir bottom. 
2.1. Transmitter array 
A parametric sonar system developed by Loughborough University [1] was used for the 
trial.  The transmitter array (shown in Fig. 1) consisted of 729 elements arranged in a 27 × 27 
matrix and had a centre frequency of 75 kHz.  The active area of the array was about 20 λ × 
20 λ, giving a primary beam width of 3º × 3º and a directivity index of 35 dB.  
The transducer was driven by 13 one kW linear power amplifiers, each driving 54 
elements in two columns.  The array could be steered electronically in one plane ±20.  The 
27 elements in one column at one end of the array formed a linear receive array.  The array 
was mounted with the lines of elements horizontal so that the steering gave additional control 
in elevation.  The narrow beamwidth of the parametric array meant that alignment of the 
transmitter and target/receivers was vital. 
2.2. Receiver array and target hydrophones 
The main receiver array consisted of six SRD HS/70 ball hydrophones in a line array 
which was mounted along one side of the transmitting array as shown in Fig. 1.  In addition 
two other hydrophones were mounted in the same fixture.  One of these was an HS/70 ball 
hydrophone that was used to pick up signals at the primary frequency.  The other hydrophone 
 was a Reson TC4032 low noise hydrophone with integral preamplifier (sensitivity S0 = -170 
dB re 1Vrms/Pa).  This was be used to make assessments of environmental noise and the 
primary signals, but was of less use for the secondary signals because of the integral 
amplifier.  The nominal sensitivity of each SRD HS/70 hydrophone was -201 dB re 1V μPa-1.  
The top stave of the transmitter was also used as a receiver.  
Two D70 hydrophones were mounted on the target to facilitate monitoring of the 
transmitted signal, to assist in alignment of the transmitted beam with the target, and to 
monitor the target orientation.  Initially the hydrophones were mounted directly on the tank 
(see left of Fig. 1).  Later the hydrophones were mounted on a plastic tube attached to the 
tank, at a separation of 0.83 m.  The output from each target hydrophone was available in real 
time to confirm that the projector was working and aligned. One of the D70 ball hydrophones 
was calibrated at NPL under free-field conditions to allow absolute measurement of the 
sound pressure level. 
 
 
Fig. 1: Transmitting transducer with array of receiver hydrophones mounted on one side 
(left) and target hydrophones mounted on the side of the tank (right). 
2.3. Receiver electronics 
The first step of the receiver processing was to pass the output of each of the hydrophones 
used to detect the secondary signal through a passive low pass filter to reduce the amplitude 
of the primary signals and prevent nonlinear generation of the secondary in the subsequent 
electronics.  The output of each hydrophone was then amplified and sampled using an NI 
capture system under the control of a laptop computer, using NI LabVIEW SignalExpress 
software, before being stored to disk. 
The passive filters were 4-pole LC Butterworth filters with a cut off frequency of 25 kHz.  
As the hydrophone acts as a capacitive (rather than resistive) source the filter response was 
not a true Butterworth response, but showed a peak in the response at about 30 kHz. The 
measured filter response was in good agreement with predicted response and each filter 
attenuated the primaries over the frequency range 65 - 85 kHz by at least 35 dB. The primary 
amplifier used was an SRS amplifier system containing eight SIM910 low noise 
preamplifiers, with a maximum gain of 40 dB, in a SIM900 mainframe.   
The receiver outputs were digitized and captured using a NI PXI-1036 chassis containing 
three PXI-6115 S Series Multifunction DAQ cards and capable of simultaneous acquisition 
 on 12 channels.  The chassis also contained a PXI-Express interface enabling the whole 
system to be controlled by a laptop PC.  The receiver outputs were sampled at 200 kHz, high 
enough for adequate capture of the primary frequency signal. 
3. EXPERIMENTAL RESULTS 
3.1. Parametric array source levels 
The calibrated D70 hydrophone was used to evaluate the primary source levels as a 
function of frequency as shown in the top left plot of Fig. 2.  These measurements were taken 
for a system drive level setting of -6 dB, using the D70 hydrophone at 13.6 m.   
These show that the maximum source level is greater than 235 dB re 1 μPa @ 1 m and that 
the source level falls off significantly with frequency as the frequency moves away from the 
resonance frequency.  The effect on the parametric generation process can be quantified by 
calculating the average source level for two frequencies either side of the resonance 
frequency (75 kHz) and plotting this as a function of difference frequency as shown in 
bottom left of Fig. 2. 
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Fig. 2:  Source level of primary signals as a function of frequency based on measurements 
(top left) and mean primary source level as a function of secondary frequency (bottom left); 
measured and predicted secondary source levels  (right). 
The measured secondary signal level is also shown as a function of frequency on the right 
side in Fig. 2.  This shows that the peak source level, of about 190 dB re 1 μPa @ 1m, occurs 
at about 9 kHz.  Above this frequency the source level decreases gradually, but only by 4 dB.  
This can be attributed to the enhanced efficiency of the parametric array offsetting the 
reduced transmission efficiency of the transducer.  The mean primary source level data has 
been used to make an estimate of the expected secondary source level; these results are also 
shown in the red line in Fig. 2.  The results below 10 kHz are in good agreement, although 
the measured output is slightly lower than expected above 15 kHz. 
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Fig. 3:  Beam pattern as a function of angle and frequency obtained using a 2 – 20 kHz chirp 
for both primary and secondary frequencies. 
3.2. Parametric array beam patterns 
Beam patterns were measured by rotating the transducer and recording the received signal 
as a function of angle.  For these measurements a 2 – 20 kHz chirp was used and the resulting 
received waveforms Fourier analysed to give the angular response as a function of frequency.  
Fig. 3 shows the measured spectrum of the signal as a function of angle and frequency 
obtained by averaging over 100 pings.  This shows the beam patterns at both the primary and 
secondary frequencies.  Note that the results have not been compensated for the hydrophone 
response or the passive filter response. 
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Fig. 4:  Normalised measured beam patterns for secondary  frequencies of 2.4 kHz, 9.6 kHz 
and 20 kHz compared with predicted results. 
The normalised measured beam patterns at 2.4 kHz, 9.6 kHz and 20 kHz are also shown in 
more detail in Fig. 4.  In each case the predicted results are overlaid.  The 9.6 and 20 kHz 
predictions are in very good agreement with the measured results for the main part of the 
 beam.  Although the high angle results are not as low as those predicted the ‘side-lobe level’ 
is typically 50 dB down on the main beam. This is due to the A/D system having a resolution 
of only 12 bits.  Note that this is better than the high angle side-lobe levels for the primaries 
which are at about -30 dB as seen in Fig. 3. 
The measured beam pattern at 2.4 kHz is also in reasonable agreement with the prediction 
apart from at very small angles where it has a narrower higher peak.  This is attributed to 
non-linearity of the hydrophone.  The low amplitude of the parametric signal for low 
frequencies due to the large step down ratio means that this effect becomes significant at 
lower frequencies. 
3.3. Target backscattering 
The measured target backscattering as a function of angle of incidence for a partially 
water-filled cylindrical shell is plotted in Fig. 5 for free field conditions.  In this case the shell 
was filled to a depth of 45.5 cm with water.  A 0.1 ms duration Ricker pulse producing a 
-10 dB secondary bandwidth up to 17 kHz was used as the excitation.  The wave was incident 
horizontally with the angle of incidence being measured from the broadside direction with the 
target being rotated about a vertical axis.   It should be noted that the strongest returns over 
both the primary and secondary frequency bands are from the broadside of the cylinder as 
expected.  There is a narrow angular response around the broadside.  The signal level falls off 
quickly away from the normal incidence direction and increases again when the direction of 
incidence moves towards end-fire. The end cap of the cylinder generated relatively strong 
scattering over a large range of incident angles. 
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Fig. 5: Spectrum of scattered signal (on a dB scale) as a function of angle of incidence for 
the partially water-filled cylindrical shell.  The raw spectral level without normalisation for 
the incident spectrum is shown; the primary levels are reduced by the passive filter. 
Fig. 6 shows the amplitude of the scattered signal in the primary frequency range as a 
function of angle of incidence.  The first return from the shell surface is strongest for the 
broadside and end-fire directions and is also much stronger than the rest of the time domain 
signal, indicating dominant contribution of the specular signal. 
 
Fig. 7 shows the corresponding scattered signal in the secondary frequency range obtained 
by filtering out the primary frequencies.  Compared with the primary signal return in the 
 previous figure, there are also strong delayed components from the back wall of the shell. 
The results shown in Fig. 6 and 
Fig. 7 demonstrate the different views obtained from the differing frequency bands and the 
advantages of using a parametric array in studying the scattering from object over such a 
wide bandwidth. 
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Fig. 6: Scattered signal at primary frequency range as a function of angle of incidence. 
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Fig. 7: Scattered signal at secondary frequency range as a function of angle of incidence. 
 
The narrow beam of the parametric array allowed insonification of only the centre part of 
the shell for broadside incidence.  In this case the backscattering is equivalent to that obtained 
for a plane wave incident onto an infinite long shell.  Numerical modelling of this situation 
with a 2-D finite element model then becomes easily manageable.  A comparison of the 
measured form function for the finite partially water-filled shell with that obtained from 2-D 
modelling for an infinite shell is shown in Fig. 8.  The results, on a linear scale, show good 
agreement in general for the locations of the minima in the form function although the 
measured amplitude is significantly lower than that predicted in the frequency range from 10 
to 15 kHz.  Further analysis is given in [2]. 
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Fig. 8: Form function amplitude for backscatter measured in the broadside direction for a 
partially water-filled shell of finite length (blue line) and predictions of a 2-D model for an 
infinite shell (red line). 
4. SUMMARY 
The results presented show how a parametric array can act as a versatile source for 
studying backscattering from targets, with the primary and secondary frequencies potentially 
giving complementary information about different regions of the target response.  The use of 
a parametric array helps to minimise problems associated with extraneous reverberation.  
Experimental results presented here for the backscattering from a partially water filled 
cylindrical shell of mild steel show how information on responses of the target for different 
angles of incidence over a wide frequency range, for comparison with theoretical and 
numerical predictions, can be obtained.  
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